Introduction
The eastern Chugach Mountain range of southern Alaska is covered with a continuous series of connected glaciers ( Figure  1 ) [Field, 1975] . Although individual glacier fluctuations are variable and asynchronous, there has been a gross regional pattern of glacier retreat in southern Alaska this century [Meier, 1984; Porter, 1989; Molnia and Post, 1995] . By comparing the predicted elastic response of the Earth to geodetic observations, the change in ice sheet mass can be estimated [Hager, 1991; Hager et al., 1991; Sauber et al., 1995; James and Ivins, 1995, 1998; Wahr et al., 1995] . The recession of the Bering Glacier has been interrupted by at least six surges this century [e.g., Molnia and Post, 1995; Muller and Fleisher, 1995] . These surges involve periodic rapid movement of large quantities of ice within a glacier alternating with much longer periods of near stagnation or retreat [Meier and Post, 1969; Molnia, 1993; Budd and McInnes, 1974] . When a surge removes ice from the upper reaches of the glacier., its surface lowers by tens or hundreds of meters as ice is transported down glacier, where the ice thickens. Sometimes this is accompanied by an advance of the glacier terminus. The ice mass changes result in uplift of the solid Earth near the unloading (surge reservoir region) and subsidence beneath and near the receiving area [Cohen, 1993; Sauber et al., 1995] . In this paper we employ precise geodetic measurements made with the Global Positioning System (GPS) at sites adjacent to the Bag!ey
Ice Field and near the Bering Glacier ( Figure  1 ) to supplement glaciological data to constrain ice mass redistribution, to estimate the total ice mass transfer and to explore the implications of our results for understanding the surge cycle of the Bering Glacier. (1987 ( -1988 [Sauber et al., 1997] . Of the stations given in Figure 1 and et al., 1993; Molnia, 1993; Molnia et al., 1994; Molnia and Post, 1995; Roush, 1996; Herzfeld and Mayer, 1997; Fatland, 1998 ]. The surge seems to have originated south of the equilibrium line in the spring of 1993.
Rapid ice movement downglacier into the piedmont lobe and up-glacier into the Bagley Ice Field followed [Lingle et al., 1993; Fatland, 1998] 
Model of Ice Thickness Changes
On the basisof glaciological fieldobservations,we identified the generalregion that underwent thinning. We specifiedvertical icelowering in the surge reservoirover a broad region between elevationsof _900 -15,-15,-10,-30,-45,-45,-30,-30,-15,-5, -5,-5,-35,-35,-10,-20,-15,-5,-15,-15,-10,-10,-5 . Themagnitude oficethickening duringthesurge wasgreatest in the regionin whichthe glacieradvanced(Plate 1). Additionally,thickening of the BeringGlacierpiedmont lobewasestimated to be 40-150m with mobilebulgesexceeding 200m in thickness [Roush, 1996; B. Molnia,fieldobservations, 1993 B. Molnia,fieldobservations, -1996 . WeusedEBS1data from the Bering Glacierpiedmont lobeto identifyregions of iceadvance andthickening (presurge positiondefinition is fromimages on June16,1992 , andApril 20, 1993 ; postsurge, from a September 22, 1995, image).
Since the water load associated with Vitus Lake Bay [Plafker and Miller, 1958; Molnia, 1977; Porter, 1989] , and radiocarbon dating of lateral moraines suggest thinning of _300 m over this same time period (G. Plafker, field observations, 1963 (G. Plafker, field observations, , 1969 (G. Plafker, field observations, , 1982 1963 , 1969 , 1982 B. Molnia, field observations, 1974 B. Molnia, field observations, , 1989 B. Molnia, field observations, -1991 B. Molnia, field observations, , 1998 Table 3 .
The calculated elastic uplift rate caused by the average yearly load reductions are given in Figure 3 for the horizontal component and in Figure 4 for the vertical component. The uplift rate due to glacial retreat during this century will be largest in the ablation zones of glaciers near the Gulf of Alaska coast. As is seen in Figure 1 , thereisvariation in thelocation oftheglaciers relative to the coast.TheBeringGlacier piedmont lobehas undergone advance duringperiodic surges followed by slowretreatof the icefront between surges, andthe changes in theBeringGlacier lobemayhavea small viscoelastic response. On the otherhand,between the Malaspina Glacier and the glaciers to the west of Icy Bay,significant retreatandicethinning(tens to hundreds ofmeters) haveoccurred, andwewould expect a higherrebound in this areathen,forexample, nearCapeYakataga (Figure1). Thusthereis a suggestion that nearIcy Bay thecrustal deformation in response to the retreatingglaciers mayhave a discernible influence onincremental tectonic strain data. Schwitter and Raymond [1993] ). This roughly corresponds to a north-south profile that includes the site AMBR ( Figure  3 ) and is near a site with carbonl4 dating of an overridden forest. The estimated ice thickness change near this site is about 300 m (Table 3 , site 1). For the region including the peak in Figure 6 , spanned by a 10-km element in the finite element grid, a maximum of 300 m of ice thinning was assumed; the other elements were scaled on basis of the general profile from Schwitter and Raymond [1993] .
A general idealized longitudinal unloading profile for a retreating valleyglacier is givenin Figure6 (after Figure1 of
For simplicity, we assumed that most glacier retreat and thinning occurred 100 years ago. We then calculated the predicted horizontal and vertical displacement predicted for shortly after the retreat until 100 years later.
For illustrative purposes, in Figure 7 we show the range of predicted deformation rates for 1, 50, and 100 years for the asthenospheric values given in Figure 5 . The maximum uplift of about 3 m is centered near the Gulf of Alaska coast and drops to zero at _200 km inland from the coast; there is some migration of the maximum uplift away from the coast with time.
Note that the station AMBR is located near the region of maximum rebound. In addition to the uncertainity associated with the GPS measurement results, the position of this site with respect to the actual ice thinning profile is approximate.
The range of deformation rates due to the viscoelastic response to retreat are compared in Table 4 Figure 8 , the estimated effective stress for al and a3 were extrapolated to a depth of 5 km.
Shear Failure
The Mohr-Coulomb criterion for brittle shear failure in rock is described by r = To+ _a.,
where T is the shear stress necessary to induce failure on a fault plane, 1"ois the inherent shear strength of the fault,/_ is the coefficient of friction of the fault surface, and an is the normal stress on the fault [Jaeger, 1969] . The locus of shear (T) and normal (an) stress components on a suite of faults of various orientations is a Mohr circle whose center is the average between the maximum (al) and minimum (a3) principal stresses and whose radius is (ax -a3)/2. 
For faults with low friction, in fact, slip on faults over a range of orientations would occur.
Stress Drop in Recent Earthquakes
A number oflargeearthquakes have occurred inthe last30 years within or near the study region given in Figure 1 (1987 -1988 1979, St. Elias,Ms = 7.2; 1970 , Pamplona zone Mw = 6.7). The staticstressdrop in the St. Elias and Gulf ofAlaska earthquakes ranges from moderate to high (_2 to 10 MPa) [Hwang and Kanamori, 1992; Estabrook et al., 1992; Sauber et al., 1993; Doser et al., 1997] . Although stress levels on individual faults are highly variable, these earthquakes suggest that much of the region given in Figure  1 is close to failure. The last Ms > 8.0 earthquakes occurred in 1899.
In Figure 8 we present the stress drop in these earthquakes relative to other stress changes.
Surge Case
Water loading, quarry unloading, and changes in glacier mass cause a static change in load and pore pressure equivalent to the water or rock thickness (see the summary by Scholz [1990] In the dominantly thrust earthquake environment of the study region, the direct effect of ice loading in the surge receiving region will be to increase an, which reduces the likelihood of earthquake faulting, whereas for the unloading region it will decrease (7 3 and make failure more likely. At shallow crustal depths the immediate poroelastic effect could also be important.
However, after the cessation of the surge, the Bering Glacier started to retreat once again; so we did not evaluate the possibility of later triggering due to pore pressure diffusion.
We examined the background seismicity (ML __ 2.5) before (1991.0-1993.4), during (1993.4-1995.8), and after (1995.8-1998. 3) the Bering Glacier surge to see if a short-term change in either the rate or location of small to moderate earthquakes occurred. Although the general regional level of seismicity varies only slightly over the three time periods, there is an increased level of seismicity under the region of greatest thinning during the surge (Figure 9 ). An ice thickness change of 50 m corresponds to a change in the a3 (vertical) of approximately 0.5 MPa. This is consistent with the idea that aa (vertical) is decreased (Figure 8 ) and failure in thrust type earthquakes would be more likely; the focal mechanism solutions, however, for these small earthquakes are unknown.
Retreat Case
We used the plane strain viscoelastic calculations described in an earlier section to examine the estimated stress changes as a function of time and depth. Table 1 ). The numbered dots correspond to sites where the ice thinning estimates listed in Table 3 were made. -2, -2, -2, -2, -1, -4, -6, -6, -4, -2, -6, -6, -1 -2, -1, -2, -1, -2, -2, -2, -4, -4, -3, -2, -1.5, -1, -1, -1, -1, -1, -1.5, -1.5, -1.5, -1.5, -1, -1, -1.5, -1.5, -1.5, -1.5, -1, -1, -1, -1. The primary sites occupied with GPS are given by triangles. The
Gulf of Alaska coastline is shown by a thick solid line and a simplified outline of the glaciers is given by a thinner solid line. [1993] ). For the region including the peak spanned by a 10 km element in the finite element grid, a maximum value of 300 m was assumed; the other elements were scaled on the basis of the profile given. (-14, -42, -63, -63, -42, -42, -21, -7, -7, -7, -49, -49, -14, -28, -21 -7, -21, -21, -14, -14, -7) and ice loading (14, 14, 14, 14, 14, 14, 14, 14, 14, 14, 42, 42, 63, 56, 70, 70, 70 Figure  1 from Lingle et al. [1993] 
